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1. Describe your invention, statin'" "he problem solved (if appropriate), and inditing the advantages of 
using the invention. 

The invention is the fabrication of a CMOS gate electrode comprising a Re, Rh, Pt, Ir or Ru metal. The 
work functions of Re, Rh, Pt, Ir or Ru make them compatible with current pFET requirements. The 


requirements of the pFET gate material along with experimental results are described below Thr> 
requirements are divided into four sections physical characterization, deposition techniques electrical 
characterization and integration. - ’ ncai 

Physical characterization - Depending on the integration scheme thermal stability (preferably ud to 1000 
0) from agglomeration, from reaction with the dielectric (formation of an interlayer between theqate metal 
and dielectnc) and reaction with the annealing ambient (forming gas (FG) or hydrogen (H)) is required of 
the metal gate material A second requirement is low resistivity, 1-2 mOhm-cm for the gate contactand 
more preferably lower than 50 micro Ohm-cm for gate contact plus local interconnect use (like what is 
currently practiced with silicides). Rhenium has a resistivity lower than 50 micro Ohm-cm after alOMC 
FG anneal treatment on both Si02 and AI203 dielectrics. u 

The thermal stability of various gate materials in contact with both Si02 and AI203 dielectrics were 
investigated using three techniques employed at the Brookhaven National Laboratory National 

i l9ht S ™ TC , e - The tech n»ques include time resolved x-ray diffraction analysis used to 
determine if the metal electrode undergoes an interaction with the dielectric layer or FG annealino 

optlcal scettenng and resistance analysis as a function of temperature used to determine if the 
film undergoes agglomeration or thermal degradation. All three techniques were monitored 
simultaneously while the samples were heated from 100 to 1000 C in FG. It was determined that for the 

SSnnf h nm R ,t‘ Rh ’ R ?: Ir ° n 500 nm Si ° 2 0r 300 nm Ae03 ,here was no thermXVradation or 
/ win nS c no 9 ’j 6 annsal h^ments. The two graphs below show the results from the 50 nm CVD Re 
/ 500 nm Si02 and 30 nm PVD Re / 300 nm AI203 stacks annealed to 1 000 C in FG. 

. Rg ™^ e ^ Sh0ws the results from annealing a 50 nm CVD Re film on 500 nm Si02 in FG at 3 C/s un 

, h °L C ^ Th t“r ,0U L P, °Ii d ^ Caon angle VS ' ter "P eratura scale indiSSfg x-ray fnterSv^ 

dark blue lowest intensity and dark red highest intensity) follows the (002) orientation ofRe as a function 

a 2S c ,inear ! y r ves ,G lower an 9 |es on annealing due to iattfce S a^d 

J nt ® srty Increases ind|Cat| ng grain growth in the film. There are no indications of 
additional peaks or a decrease in intensity of the (002) peak which would signify a reaction with the 
d'electric or annealing ambient The top plot shows the optical scattering analysis at two different lateral 
length scales (0.5 and 5 micro meters, red and blue curves respectively). Changes would indicate 
surface roughness developing in the film leading to thermal degradation. In this case no changes are 
seen indicating the film is not agglomerating. g 
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BEST AVAILABLE COPY 


yfctcvdre, 50nm VktCVDRe/Si02- 3C/s 100-1100C FG 



T emperature (C) 


Eguta.l. 


5S5T r 2 Th OWS “I® res y lts / r0m an nea»ng a 30 nm PVD Re film on 300 nm AI203 in FG at 3 C/s up to 
The contour plot (diffraction angle vs. temperature with color scale indicatina x-rav intensity 
dark blue lowest intensity and dark red highest intensity) follows the (002) orientatior^of Re^as a function 
of temperature. Nohce the peak linearly moves to lower angles on annealing due To lattice^eiansion 
linn^ 6 ™ , . ndlca, '° n ® of additional peaks or a decrease in intensity of the (002) peak which would 

rSl iwo dtfferent lateral length scales (0.5 and 5 micro meters, red and blue curves respecS/eM 

rase^o chnnn« SUrfa „ Ce r ? u 9 hness developing in the film leading to thermal degradation In this 

Saie as a fu^inn^fi' 11 ? the 5" iS 001 a 99 ,omeratin 9- The black curve shows sheet 
resistance as a function of temperature. The initial decrease indicates some grain growth in the layer 
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BEST AVAILABLE COPY 


uioraa, 30 nm Re / 100 nm AIZ03 - 3C/s 100 to 1000C FG 




T emperature (C) 


figure 2 

re f?t! Ved l ® chniques em P'°yed at the Brookhaven National Laboratory did not show anv 

o?«!o 3 Re ’ Bh ’ Pl ^ " <*» Si02 

nate motai I ^f d y dlffrac,,on technique would only be sensitive to a reaction between the 

Whfch ,0m,S an '" ,erl8yer 9reater lh *" ^ I" <l*kn£s M a«“r 

deterfn ne rf there was an interaction at the interface, x-ray reflectivity analysis was used With 
this techmque. also conducted at the Brookhaven National Laboratory, we are abte to see r^ghnes^ 

iSrTT S 3t meta '' dle,ectnc interface on the order of a few angstrom's which would indtarte and 
interaction. The technique also allows us to determine the thickness of the layers present and in that 

17 we ™™'°[ * <*• <«»tocwe layer gels Ihinne, or It a Ihlrd intertayer S »Wch «ukl Main 
nH ^ 30 IT ?" between ,he metal and dielectric. A further result this technique provides is an 
notP JJ ? h H surface rou 9 h ness of the films. Table 1 below summarizes the results The first thina to 
30 min Tn aS ' d T Srted the CVD Re fi,ms a 6-7 times higher surface roughness After a450 C / 
flS G anr )^‘ treatment the interface rau 9hness of the Re? Rh and Ir samplesIn^reases onlvslShtlv 
afteMhoFn 617 ' ,ttle . Interactran between the metal and dielectric. The Pt film actually became smoother * 
f nnea treatmen t- For the Re films on both Si02 and AI203 there wasno chanqe in the 

wS^lS"* a er it e a "" ea ' ,realma " t - These "**> again confirm thal mem feT 
raction between Re, Rh, Pt and Ir gate metal materials and the dielectric after a 450 C FG anneal 


PACE 25/33 * RCVD AT 10/18/20051:39:00 PM [Eastern Daylight Time] • SVR:USPTO-EFXRF-6/25 ■ DlflS:2738300 * CSID:51674243B6 • DURATION (mm-ss):11-18 
















iO-18—05; 1:39PM;SSMP 


;5157424366 


# 26/ 


treatment. As an example of interlayer formation, if titanium, a very reactive material, is used as the gate 

me Si a ? r the FG anneal treatment ' an ,nterla y er is clearly seen indicating a reaction between the metal 
3D dielectric. 


X-ray Reflectivity Measurements of 
Metal Gate and Gate Oxide Materials 


Surface Roughness Interface Roughness 


Material 

as dep. 

after anneal 
(FG 450 C / 30 min.) 

comments 

CVD 

Re / SiOZ 

c-30-40 A 

Re slightly rougher 

no change in Si02 thickness 

PVD 

Re / Si02 

0-7 A 

Re slightly rougher 

no change in Si02 thickness 

CVD 

Re / AI203 

0-43-49 A 

Re slightly rougher 

no change In AI203 thickness 

PVD 

,Re/AI203 

0-8-9 A 

Re slightly rougher 

no change in AI2Q3 thickness 

PVD Rh / 

Si02 


Rh slightly rougher 


Ir/Si02 


Ir slightly rougher 


Pt / Si02 


Pt slightly smoother 



Table 1 


Figure 3 shows that PVD 30 nm films of Re, Rh, Pt and Ir after undergoing various thermal treatments 
ThTn^t^nTh^ f 3 Jr /S ^h 450, 550, 750 and 1000 c ) maintain resistivities below 50 micro Ohm-cm 
Sh ?" s th6 resul,s for films d0 P° sited 00 500 nm Si02 and that on the right on a 300 
nm AI203 dielectric. These results indicate that the films are thermally stable and can be used in a 

standard high temperature integration scheme not only as the gate contact but also as local 
i nt erconn ects. 
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Resistivity of Thermally Stable Metal Gate Materials 

for pFET Contacts 


30 nm metal on 500 nm Si02 


■ as-dep 

■ 450 C 

■ 550 C 

■ 1000 C 


Re Rh Pt lr 
Metal Gate Material 

Figure 3 




The CVD deposited Re films on Si02 show strong 0002 texture as shown in Fig. 4 with an x-ray 
diffraction analysis. The textured films were observed independent of growth temperature for films with 
thicknesses less than 100 nm. The top plot in Fig. 4 shows a standard theta / two theta x-ray diffraction 
diffractogram which indicates the strong 0002 textured peak at about 40 deg. two theta. The lower plot 
shows a chi scan (fiber plot) further indicating the textured nature of the film. 
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Deposition techniques - Acceptable deposition processes which lead to minimal gate dielectric damage 
and minimal tong term reliability problems include thermal evaporation (from Knudsen cells) and chemical 
vapor deposition (CVD). Other PVD processes such as sputtering and e-beam evaporation lead to 
dielectric damage which is thought to be a long term reliability problem even if some damage may be 
repaired by a FG or H anneal treatment. CVD has the advantage over thermal evaporation in the it can 
a ofS/fi fB high6 [ as P ect ra,io damascene features allowing for a wider variety of integration schemes. 
A He OVD process has been developed using a dirhenium decacarbonyl, Re2(Co)10, precursor. 

It is emphasized that the deposition of Re using CVD techniques is already known in the art 
d6PO f 6d Re f " mS Using ^ P recureor causes P'° b < 0 ™ of halogen incor^Stion Sd 
I, ® 9 Ur ® WaS usually hlgh and ,he P revious attempt to grow using HRe(CO)5 resulted in 
C ?'?° n conc0 otrations. Another attempt using Re2(CO)10 was done at high temperature 
about 500 C and the properties of films were untested. 

P ^. ten iwL USe of rhenium oartxjnyl in wiring applications, there is no disclosure of 

=rh 9 =c!,J C ?K ° a ? lt l e CVD source matenal for Providing p-channel Re gates on dielectric materials 
sucn as ultra-thin gate dielectric materials. 

The Re electrode fabrications in the current invention are achieved by using a low 
temperature/low pressure CVD technique with Re2(CO)10 as the source material. Specifically the 
method of the present invention comprises the steps of: (a) depositing a uniform layer of Re directly onto 
a dielectric matenal such as an ultra-thin gate dielectric material, said dielectric material beinq positioned 
on a semiconductor substrate, said deposition is earned out by CVD using Re2(CO)10 as the source 

wi S ^l Ur ! der , < ? nd . itionS Wl ? ich are sufficient fo rm said Re layer; and (b) patterning the structure 
formed in step (a) using simple patterning process including Al deposition and selective wet etching of the 
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pro^nos'deS L1fS S FET s R ^roo 0n, °' he m '"** Tha ^ 

one ^Chdnne! Re gate prepared in 

iSSSSSSHSrIS 

i:h~sh~~ 

mSiS’ ^, Urce m f' e ™' under “ nd « k '" s »“ ore sufficienl to hiftZKfi 
K^^STS" 9 ^ R “ ^ 15 ,he '’ Pa " Smed USi " 9 “>"« t-^dos weT 

a steinl^sSTX'Ste SlS'S’■* »«2(?Q>?®. * Introduced Into reactor chamber via 
materia! Ra?fm\in „?™. S d r f^ ed f “ a test wafer which is contained within reactor The source 

carrieroas and Shl^IL 70 C , dunn9 he deposition. The precursor is delivered by usinq Ar as 
gas and the cha^r pressure during growth is controlled by f| ° w of Ar carrier gas. 

see ss: 

S13N4 t !?**• malerials omployed in the present invention include Si02, nilrided Si02 

OtThe^le dTetet?^“"'t a S° sted « r^S^ulBShnlqiw S“n™n t^tSfskilled in 

contentUt^^^ "« Sl02 .< 5% * ■- «- "'™* 

the g™p“nsiX™„H2M cZ^’c’S.d nt 9 n T*"?' ,h *. Che "’ fcal Mcha "' te "om 

in^he art. aS e r aa * a „ on ' Each of the afor^madionecrdiy'etchingtechnique^are^e^ntnown'lo'H^jse^kiiled 
Test structures vrere fabricated using thermally grown silicon dioxide thin films ranging in 
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in a load-locked, stainless steel reactor with a base pressure offbouMIV? Sf d Sf5 i s "” n was “hied out 
Re2(CO)10, was used as the source gas andTZTSi InSC l?! 7 ' r -. D " ta ™™ decacartxtnyl, 

and directed onto the sample. The precursor delivorv rata , e „ r ® a ® ,or 713 a stainless steel valve 

samples were introduced on a graphite sample holder cartridoe whirh ^ Ar as carrjer gas - 1716 
assembly located within the reactor chamhfr tko " d9e which ln ,urn wa s introduced into a heater 

300-550 "C. The gro^Tr 1 ^'^ &XZZ? STSTZ nnS ^TT" 
precursor and deposition temperature. ^ V abOUt 01 ° 15 nm/minute depending on 

Sy^y g^'n^y a ,n ,uno,ion wi,hin -° 2 » v *«"*• 

to be 4.6 to 5.0 eV. Besides the work function snnihf for J he Re me,al 9 a,e material was established 

charge which can be minimized after deposition by a hydSn anneaTftSmTnf in,erface tra PP ed 

treatment is a FG anneal but a new omelet. i^mri/inn t ro9€ , n . f oneal treatment. The conventional 

material undergoing cherrlcal neC6SSa,y to P roduce properly passivated interfaces without the 

ss hard USl " 9 9va '’° ra,ed <*> -> thick Al dots 

structures war. thus ^" 9 "S 

formed on n-type silicon wafers The dotted and c^hh r ^ 4 1? nr P ca P acrtor - Data is shown for capacitor 

appropriate choice for p-FET MOS structure Th<^as-den° n Vaen ° e 1330(1 ^9® lndlcat 'ng that Re gate is 
5 but can be easily removed bystendaSFGA^ren r.tr P H?»Tf has > some defects state as seen in FIG 

” Bh di *'SS5f ! S?f ra " 9i ? 9 ,f ? r ^ nm * nd »“ “° rk tdS w» StlStM i 5 0 9 ev a 
ovan ^SS!S ,T °' » « b. 

in the load lockoLmblt uS a "nnaalmg process. The process Is partormed 

maintained at 350 °C and high pressure H2 is intrtxSf^ 0 ^ Sar J? p a ® ar ® toca,ed ,n the chamber and 

process, me interface state WSn g”a JTiS? f ^ - By ,hiS 

frequency and quasi-statir r.v/ Hata f« r t iu cm-2 ev-1. FIG 6 shows typical hiqh 

20 nm capacitor after the high pressure annLlingJJSL^ StrUCtUreS havfng an oxfde Sickness of about 

are shown in FIGS ^and^ d The^f^ aTd^rH S r ernp,0 |T n9 Re ga,es havin 9 oxida thickness of 2 nm 
standard. FGA ^ p ^ T* CV , V da,a befor ® *" d after a 

dlelectrics^and b ^^ eal< a9® ^^ents as low as those of standa^poh^lfeontesed capacitors^ ™ ^ 

thickness ofabo'S 6 nm Thl clfLcitoMs fom^f" 3 stn f ur9S , formed on AI203 dielectrics having a 
about 0.48 eV, which is essentiaKfiJmi T s,l,con wafer - ^ fla » band voltage was 

material for p-channel metal gates using AI2Q3 M^feSSrte!”® ‘ ndlCateS the Re can be used as electrode 
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Gate bias (V) 

IBM CONFIDENTIAL 


th FIG ' 5 _f a ca P ac ' tanc e- voltage diagram for a Re gate capacitor structure formed in accordance 
wrth the present invention having a thickness of 4.3 nm. Dotted line as grown; solid line after FGA. 



Gate bias (V) 

IBM CONFIDENTIAL 


FIG. 6 is a high frequency and quasi-static capacitance-voltage diagram for a Re gate capacitor 
pressure H^TmTeali accordance wrth the P resent invention having a thickness of 20 nm after high 
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Gate bias (V) 


FIG. 7 is a high frequency capacitance-voltage diagram for a Re gate device structure formed in 
accordance with the present invention having a thickness of 2.0 nm. Dotted line as grown; solid line after 



FIG 8 is a current-voltage diagram for a Re gate device structure formed in accordance with the 
present invention having a thickness of 2.0 nm. Dotted line as grown; solid line after FGA. 
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Gate bias (V) 

IBM CONFIDENTIAL 


ctriKM , F ! G - 9 5 a high f L equency and q^si-static capacitance-voltage diagram for a Re gate capacitor 
FGA formed in accordance with the present invention on AI203 film having a thickness of 6 nm after 


i n t egration - The integration scheme chosen will determine the maximum temperature the aate metal / 
d'electnc will have to withstand. For a standard CMOS process for which the dielectric and poly-Si 
contact are in place before the source and drain activation anneals the stack will have to withstand 1000 
treat ™ }nts - A ? mentioned above Re, Rh. Pt. Ir and Ru and can withstand such treatments 
without thermal degradation. Two additional possible integration schemes include having the metal / 
dielectric combination in place before source and drain silicide formation but not before the activation 
anneals. In this case the combination would have to withstand anneal treatments at 750 C for CoSi2 
formation. In the last integration scheme the standard process is followed (i.e. poly-Si flow). After the 
stack is built the poly-Si is etched away and the dielectric deposited followed by the metal fill fcVD 
process) into the damascene feature. Chemical mechanical polishing (CMP) is then used to planarize 
the structure. In this scheme the maximum processing temperature is 400 C. 

Sample Claims 
Device: 

hSS® C0m f nsi " 9 at ,east one P pET work-function material (Re. Rh, Ir. Pt, Ru) gate on an 

UflwthlnnS ? 0 m f ena ’ “If ultra ' thin d ' e >ectric material having the primary gate leakage current due 
to direct tunneling, wherein said pFET work-function material is formed by 

(a) depositing a layer of the pFET work-function material onto said ultra-thin gate dielectric material said 
ultra-thin gate dielectnc material being positioned on a semiconductor substrate and said deposition 
process being carried out by chemical vapor deposition (CVD) using (Re2(CO)10) as a source material- 

(b) patterning the structure formed in step (a). 

2) A field effect transistor (FET) comprising at least one pFET work-function material (Re Rh Ir Pt Ru) 
gate on an ultra thin dielectric material, said ultra-thin dielectric material having the primary qa’te leakaoe 
current due to direct tunneling, wherein said pFET work-function material is formed by 

( lf?£° SI,inS a teyer of ,he P^ 1 work-function material onto said ultra-thin gate dielectric material said 
uitra-lhin gate dielectric material being positioned on a semiconductor substrate and said deposition 
process being carried out by chemical vapor deposition (CVD) using (Re2(CO)10) as a source material- 
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(b) patterning the structure formed in step (a). 

3) The MOS device of claim one wherein said ultra-thin gate dielectric material 
consisting of Si02, nitrided Si02, Si3N4, metal oxides and mixtures thereof. 

4) The MOS device of claim one wherein said ultra-thin gate dielectric material 
consisting of AI203, Hf02, Zr03, Si3N4 and mixtures thereof. 


is selected from the group 
is selected from the group 


5) The MOS device of claim three wherein said ultra-thin dielectric is Si02. 

drain region d6>V,C6 ° f claim ° ne wherein said semiconductor substrate contains at least one source and 

7) The MOS device of claim six wherein said semiconductor substrate is p-type or n-type. 

SoIo^GaAs deV ' Ce ° f Clairn seven wherein said semiconductor substrate is composed of silicon, SiGe, 


9) The MOS device in claim eight wherein said semiconductor substrate is silicon. 

1°) The FET device of claim two wherein said ultra-thin gate dielectric material is selected from the orouD 
consisting of Si02, nitrided Si02, Si3N4, metal oxides and mixtures thereof. 

1 ^ T* 1 ® FE I d f vice of claim two wherein said ultra-thin gate dielectric material is selected from the arouD 
consisting of AI203, Hf02, Zr03, Si3N4 and mixtures thereof. 9 P 

12) The FET device of claim ten wherein said ultra-thin dielectric is Si02. 

13) The MOS device of claim two wherein said semiconductor substrate contains at least one source and 
a rain r&Qion* 


14) The MOS device of claim thirteen wherein said semiconductor substrate is p-type or n-type. 

l 5 A Th l~, OS dev f ce of claim fourteen wherein said semiconductor substrate is composed of silicon 
biGe, SOI or GaAs. 


16) The MOS device in claim fifteen wherein said semiconductor substrate is silicon 
Method; 


< ™ PFET Re ’ Bh ’ lr ° r Ru me ' al in a device 

a) positioning a preprocessed semiconductor substrate in a chemical vapor deposition chamber 

‘!i^ 9 !- U . ni !? rm layer . of Re direct| y onto a dielectric material such as an ultra-thin gate dielectric 
id ultra-thin dielectric material having the primary gate leakage current due to direct tunneling said 
dielectric material being positioned on a semiconducting substrate, said deposition is carried out by CVD 
using He2(C°) 10 as the source material under conditions which are sufficient to form said Re layer 

c) patterning said Re layer to form said Re electrode on said dielectric material; 

d) passivating said Re and dielectric materials using conventional forming gas annealing or high pressure 
hydrogen process to produce low interface change density device structure. 


2. How does the invention solve the problem or achieve an advantage,(a description of the invention" 
including figures in-line as appropriate)? ’ 
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The new pFET material solves two issues. The first is polycrystalline silicon depletion which reduces the 
effective capacitance of poly-Si gate devices, and necessitates the use of a thinner dielectric than would 
otherwise be required. The depletion in the poly-Si can be thought of as adding several anastrom's of 

Hf02 ™ e SeCOnd iSSUe ‘ S the COmpa ‘ ibili1y wfth high-k dielectrics (AI203 

H f°2, ZrO^L Poly-Si tends to react with the high-k materials during processing which renders it 

unusable. The metal gate materials overcome this problem being stable on the high-k dielectric 
matenals. The thermal stability (no interaction with the dielectric) makes it fully compatible with standard 
post processing techniques, e,g. activation anneals and the like. 

° r problem has been identified by others (inside/outside IBM), how have those 
others solved it and does your solution differ and why is it better? 

The problem is generally known, but there are no fully satisfactory solutions extant. 

4 Jf the invention is implemented in a product or prototype, include technical details, purpose disclosure 
details to others and the date of that implementation. 

N/A 
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